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1 .  ABSTRACT 


Transient  temperature  distribution  histories, 
thermal  stresses,  and  deflections  were  computed  for 
13  box  beams  uniformly  heated  along  one  cover . 

Various  heating  rates,  geometries  of  beam  cross- 
section,  and  thermal  properties  were  considered. 

Heat  transfer  was  by  radiation  and  conduction.  Gas¬ 
eous  heat  transfer  and  possible  effects  of  yielding, 
creep,  and  buckling  were  neglected. 

For  maximum  beam  temperatures  above  700  -  900°  F, 
change  in  emissivity  of  the  interior  surfaces  of  the 
beam  had  an  appreciable  effect  on  the  cover  (but  not 
the  web)  temperatures  and,  to  an  even  greater  extent, 
on  the  beam  deflection.  At  maximum  beam  temperatures 
of  1200°  F,  an  increase  in  interior  surface  emissivity 
caused  an  appreciable  decrease  of  the  maximum  thermal 
stress  . 

A  rough  experimental  check  of  temperature  distri¬ 
bution  and  beam  deflection  was  made  for  one  case. 


2.  INTRODUCTION 


The  subjection  of  aircraft  and  other  structures  to  increasingly 
high  temperatures  gives  rise  to  a  need  for  predicting  transient  tem¬ 
perature  distribution  in  the  structures,  and  the  resulting  thermal 
stress  and  deformations.  This  knowledge  will  make  possible  the  rational 
design  of  the  structure,  and  the  devising  of  methods  of  alleviating  of 
thermal  stresses  and  deflections.  With  increasing  structure  temperature, 
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influence  of  radiant  heat  transfer  on  the  temperature  distribution  of 
the  structure  is  affected  by  structural  geometry,  heating  rate,  and  ther¬ 
mal  properties  of  the  beam  material.  It  was  the  purpose  of  this  investi¬ 
gation  to  determine  the  effect  of  variation  of  emissivity  of  the  interior 
surfaces  of  a  box  beam  on  temperature  distribution,  maximum  thermal  stress, 
and  beam  deflection  in  heated  box  beams  for  a  variety  of  conditions. 


3.  STRUCTURES  AND  MATERIAL 


The  structures  considered  were  three  box  beams  30  in.  long--two 
relatively  thick-walled  and  one  relatively  thin-walled.  The  beam  cross- 
section  is  shown  in  the  figure  at  the  top  of  table  1;  wall  thicknesses 
are  indicated  by  the  ratios  listed  in  columns  2  and  3  of  the  table.  One 
beam  (cases  1,  2  and  3)  is  a  thick-walled  beam,  similar  to  a  beam  used 
in  the  experimental  work.  The  other  beams  are  typical  of  beams  used  in 
aircraft  structures;  one  relatively  thick-walled  (cases  4-8)  and  the 
other  relatively  thin-walled  (cases  9-13). 

Thermal  and  elastic  properties  were  taken  as  those  of  the  type  302 
stainless  steel  test  beam.  Thermal  conductivity  and  specific  heat  were 
approximated  by  the  linear  relationships: 


(1) 


k  =  7.08  +  0.0043T 


(2) 


c  =  0,106  +  0 . 000025 7T 


where 


k  is  thermal  conductivity  (Btu/hr  ft  °F) 
c  is  specific  heat  (Btu/lb  °F) 

T  is  absolute  temperature  (°R) 

Emissivity  was  taken  as  0,  0.35  (emissivity  of  the  test  beam,  cases 

1-3)  and  1,  as  indicated  in  columns  4  and  5  of  table  1. 

p 

Figures  in  brackets  indicate  the  literature  references  at  the  end  of 
this  paper . 
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Young's  modulus  and  the  coefficient  of  linear  thermal  expansion  were 
represented  by 

E  =  31.0  x  106  -  0.0064T  x  106  (3) 

a  =  8.29  x  10"6  +  0.00137T  x  10"6  (4) 

where 

E  is  Young's  modulus  (lb/ in?) 

a  is  coefficient  of  linear  thermal  expansion  (in/in.  °F) 

T  is  absolute  temperature  (°R) 

4.  BOUNDARY  CONDITIONS 


The  beams  were  considered  to  be  subjected  to  a  uniform  heat  input 
along  one  cover  in  a  rarefied  atmosphere.  The  heating  rates  are  listed 
in  columns  6  and  7  of  table  1.  The  initial  beam  temperature  was  78°  F. 
For  the  test  beam  (cases  1,  2,  3),  the  boundary  condition  was  taken  as 
the  heated  cover  temperature  (figures  2  and  7).  For  all  other  cases, 
the  boundary  condition  was  taken  as  the  heat  input  to  the  cover.  All 
elements  of  the  heated  cover  were  considered  to  remain  constant  at 
1200°  F  after  reaching  that  temperature. 


5.  METHOD  OF  ANALYSIS 

5.1  Calculation  of  Temperature  Distribution 

Analysis  was  made  by  a  numerical  method  similar  to  that  described 
by  Dusinberre  (ref.  2).  One  half  of  the  cross-section  of  the  symmetrical 
beam  was  divided  into  12  analysis  elements.  Since  the  external  heat 
transfer  was  symmetrical  with  respect  to  the  left  and  right  halves  of 
the  beam  cross-section,  the  right  half  of  the  beam  was  represented  by  a 
reflector.  The  reflector  was  divided  into  four  regions.  The  element 
configuration  for  cases  1,  2  and  3,  shown  in  fig.  1,  is  typical  of  all 
cases . 

A  heat  balance  equation  was  set  up  for  each  analysis  element  and 
solved  for  the  element  temperature  after  a  short  time  interval,  A0- 
The  process  was  repeated  for  successive  short  time  intervals  using  the 
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new  element  temperature  as  the  starting  point  of  the  next  computation. 
It  was  assumed  that  surface  emissivity  remained  constant  and  that  beam 
surfaces  were  gray,  i.e.s  thermal  reflection  is  diffuse  and  emissivity 
and  absorptivity  are  equal  even  when  the  temperatures  of  the  incident 
radiation  and  of  the  receiver  are  different.  The  heat  balance  equation 
is  as  follows: 


^m^  ~  ■Lm  +  j  (km  -  1,  m)  (^m)  (^m  -  1  ~  Tm) 

vmPlm  I 

+  (km,  m  +  1 )  (^m)  (^m  +  1  ”  Tm)  +  em  &  ^m  (^-A^  "  ^-m^) 

+  ®  [F^  !  (T^  -  Tm4)  +  Fm>  g  (Tg4  -  Tm4)  +  ... 

•••  +  Fm,  12(t124  -  Tm4)l  +  wm]  (5) 


where 

i 

Tm  is  the  temperature  at  the  center  of  element  m  after 
time  interval  A©  (°R) 

Vm  is  the  volume  of  element  m  (ft^) 

Tm  is  the  initial  temperature  at  the  center  of  element  m 

(°R) 

p  is  the  density  of  the  material  (Ib/ft  ) 

Cjjj  is  the  specific  heat  of  element  m  (Btu/lb  °F),  repre¬ 
sented  by  a  linear  function  of  Tm. 

km,  m  +  lj,  km  „  ^  m  are  the  averaged  thermal  conductance  of 

element  m  and  adjacent  element 
(Btu/hr  ft  °F) 

^m»  Jm  are  ratios  of  element  contact  areas  to  distances 

between  element  centers  for  element  m  and  adjacent 
elements  m  -  1 s  m  +  1  respectively  (ft). 

em  is  emissivity  of  element  surface  m 
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a  is  the  Stefan-Boltzmann  constant 
=  1.713  x  l(T9(Btu/ft2  hr  °r4) 

Ajjj  is  exterior  surface  area  of  element  m  (ft2) 

is  ambient  temperature  (°R) 

is  interior  surface  area  of  element  m  (ft2) 

Fm,  n  is  an  overall  radiant  heat  interchange  factor  for 
net  radiant  heat  exchange  between  a  surface  of 
element  m  and  a  surface  of  element  n.  It 
includes  the  effect  of  direct  and  all  reflected 
radiation. 

Wm  is  the  external  heat  input  (Btu/hr) . 


The  first  two  terms  inside  the  brackets  on  the  right  hand  side  of 
eq.  5  represent  conductive  heat  transfer  between  element  m  and  adjacent 
elements;  the  third  term  represents  radiant  heat  transfer  with  the  out¬ 
side  environment,  the  fourth  term  represents  internal  radiant  heat  ex¬ 
change  between  element  m  and  the  rest  of  the  beam  interior,  the  fifth 
term  represents  the  boundary  condition  of  a  (variable)  heat  input.  For 
cases  1,  2  and  3,  in  which  the  boundary  condition  was  taken  as  the 
heated  cover  temperature  history,  the  temperature  of  each  heated  cover 
element  was  expressed  as  a  series  of  four  linear  functions  of  time  cover¬ 
ing  successive  time  intervals. 

To  compute  the  gray  body  radiant  heat  exchange  factors,  F,  first 
black  body  radiant  heat  exchange  factors  were  computed  for  all  two  ele¬ 
ment  combinations  of  the  16  internal  surfaces  of  the  analysis  elements 
and  (fictitious)  reflector  using  the  methods  of  reference  3,  and  radia¬ 
tion  geometry.  Values  of  the  256  F's  were  then  obtained  from  the 
matrix  relationships  of  reference  4.  The  computations  were  performed  on 
SEAC  using  an  existing  code  for  inverting  the  matrices. 

The  temperature-distribution  computations  were  computed  on  SEAC. 
Temperatures  at  the  mid-points  of  the  12  analysis  elements  were  printed 
out  at  regular  time  intervals  which  were  whole  number  multiples  of  A©- 

In  order  to  minimize  computing  machine  running  time,  it  was  desirable 
to  use  the  largest  value  of  the  time  interval.  A©,  consistent  with  ade¬ 
quate  accuracy  of  solution.  The  time  interval  must  be  sufficiently  short 
that  during  the  interval  (1)  the  initial  element  temperatures  can  be  used 
with  negligible  error  and  (2)  for  conductive  heat  transfer,  the  effect  of 
any  non-adjacent  element  on  a  given  element  is  negligible.  Satisfactory 
values  of  A©  were  obtained  by  trial.  A  portion  of  the  temperature 


. 
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distribution  history  was  computed  several  times  using  successively  larger 
values  of  A®-  The  largest  value  of  A®  which  gave  a  temperature  dis¬ 
tribution  history  negligibly  different  from  that  obtained  when  the  small¬ 
est  value  of  A®  tried  was  used  to  compute  the  complete  temperature 
distribution  history.  Values  of  A®  found  satisfactory  by  this  method 
ranged  from  0.72  second  for  rapidly  heated  beams  to  1.8  seconds  for 
slowly  heated  beams. 

Some  error  was  generated  in  the  beam  temperature  history  computations 
by  representing  one-half  of  the  beam  cross-section  by  a  gray,  rather  than 
a  specular  reflector.  As  a  check  on  the  magnitude  of  this  error,  radiant 
heat  transfer  rates  were  computed  for  a  simple  symmetrical  case  using 
first  the  entire  beam  cross-section  in  the  computations,  and  then  an 
equivalent  beam  consisting  of  one-half  of  the  beam  cross-section  and  a 
gray  reflector.  An  infinitely  long  box  beam  of  rectangular  cross-section 
divided  into  six  analysis  elements  was  used.  The  beam  was  two  inches 
deep,  eight  inches  wide,  and  emissivity  was  0.35.  The  vertical  (two  inch) 
walls  of  the  beam  were  at  temperature  T^  and  the  horizontal  walls  at 
absolute  zero.  The  rate  of  radiant  heat  transfer  to  the  left  half  of  the 
upper  horizontal  wall  was 

q  =  0.1354oT14 

q  =  0.1389OTJ4 


for  original  beam 


(6) 


for  equivalent  beam 
with  reflector 


where 

q  is  rate  of  radiant  heat  transfer  (Btu/hr  ft2) 

a  is  the  Stefan-Boltzmann  constant 
(0.1713  x  10"8  Btu/ (ft2  hr  °R4)) 

Ti  is  vertical  wall  temperature  (°R). 


It  was  concluded  that  the  error  due  to  use  of  a  gray  rather  than  a  specu¬ 
lar  reflector  was  small. 


5.2  Computation  of  Thermal  Stress  and  Deflection 

Thermal  stresses  and  deflections  in  the  beam  were  computed  by  a 
method  similar  to  that  described  in  reference  5.  Integrations  over  the 
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beam  cross-section  were  performed  numerically  using  finite  elements  iden¬ 
tical  with  those  used  in  the  temperature  distribution  computations  (fig. 
1). 


6.  TEST  OF  BEAM 


The  test  specimen,  corresponding  to  case  2,  table  1,  was  a  box  beam 
constructed  of  0.128  inch  18-8  type  302  stainless  steel  sheet  (figure  1). 
Two  pieces  of  sheet  were  each  bent  into  identical  channel  shapes  and  butt 
welded  together  lengthwise  to  form  the  2  in.  x  5  in.  x  30  in.  beam. 

The  beam  was  heated  in  a  vacuum  chamber  whose  pressure  was  maintained 
at  4mm  of  mercury,  a  pressure  low  enough  to  eliminate  convective  heat 
transfer.  Only  one  side  of  the  beam  was  subjected  to  heating.  It  was 
heated  with  twelve  quartz  tube,  tungsten  filament  heating  elements  uni¬ 
formly  spaced  in  a  reflector.  Total  output  of  the  heaters  was  5.7  Btu/ 
second.  The  reflector  was  a  rectangular  box  enclosing  the  heating  ele¬ 
ments  and  fitted  to  the  heated  wall  of  the  beam.  It  was  constructed  of 
stainless  steel  and  silver  plated  to  reflect  a  maximum  of  the  heat  output 
to  the  beam.  Reflectivity  of  the  reflector  surface  was  about  0.97. 

Temperatures  were  measured  at  the  center  cross-section  on  the  heated 
cover  of  the  beam,  at  the  center  cross-section  on  the  unheated  cover,  at 
two  points  on  the  heated  cover  one  in.  from  one  end,  and  at  one  point  on 
the  heated  cover  one  in.  from  the  other  end.  The  temperatures  were  mea¬ 
sured  with  iron- cons tantan  thermocouples  whose  outputs  were  indicated  by 
galvanometers.  The  thermocouples  were  calibrated  before  and  after  the 
test.  Temperatures  of  the  heated  cover  at  the  beam  ends  were  approxi¬ 
mately  12  percent  lower  than  the  temperatures  of  the  heated  cover  at  the 
center  cross-section.  The  experimentally  determined  heated  cover  temper¬ 
atures,  used  as  the  boundary  condition  in  case  2,  are  shown  in  fig.  2  and, 
together  with  observed  temperatures  for  two  points  on  the  opposite  cover, 
in  fig.  7. 

The  total  normal  emissivity  of  the  18-8  (type  302)  stainless  steel 
was  determined  by  comparing  its  rate  of  radiation  at  a  given  temperature 
with  that  of  a  Globar  at  the  same  temperature.  The  radiation  rates  were 
determined  by  focusing  the  images  of  equal  areas  of  the  Globar  and  of 
the  stainless  steel  successively  on  a  thermopile,  using  a  flourite  lens. 
The  emissivity  of  the  stainless  steel  obtained  was  constant  in  the  tem¬ 
perature  range  400°  F  to  1000°  F  and  equal  to  0.35. 

Beam  deflection  at  the  center  cross-section  was  measured  by  means 
of  SR-4  type  AB-5  electrical  strain  gages  mounted  back-to-back  on  a 
shielded  cantilever  beam  which  was  deflected  by  displacement  of  the  center 
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of  the  beam  relative  to  its  ends.  Contact  of  the  center  of  the  beam  with 
the  cantilever  was  made  by  a  Vycor  rod.  Calibration  was  accomplished  by 
deflecting  the  cantilever  by  known  amounts  at  the  point  of  contact  with 
a  micrometer  screw. 

The  maximum  deflection  observed  was  0.415  in.  after  240  seconds  of 
heating.  After  378  seconds  of  heating  the  center  deflection  was  0.37  in. 


7 .  RESULTS 


7.1  Beam  Temperature  Distribution 

Computed  temperature  histories  at  point,  A,  in  the  center  of  the 
heated  cover  and  at  point,  B,  in  the  center  of  the  opposite  cover  (see 
sketch  on  table  1)  are  shown  in  figures  2  to  6  for  the  13  cases  consid¬ 
ered.  Fig.  7  shows  the  computed  temperature  distribution  in  a  thick- 
walled  beam  (cases  1,  2,  3)  of  the  same  dimensions  as  the  test  beam  after 
148,  189  and  297  seconds  of  heating.  Fig.  8  shows  the  temperature  dis¬ 
tribution  in  a  thin-walled  beam  after  45  seconds  of  slow  heating,  and 
after  13.7  seconds  of  fast  heating.  Values  of  A  and  B  are  listed  in 
columns  9  and  10  of  table  1.  Comparison  was  made  of  geometrically  similar 
beams,  heated  at  the  same  rate  for  the  same  length  of  time  but  having  the 
following  different  values  of  interior  or  exterior  emissivities :  0,  0.35 

and  1.0. 

It  was  found  that,  in  all  cases  considered,  change  in  emissivity  of 
the  surfaces  had  an  appreciable  effect  on  the  cover  temperatures  and 
comparatively  little  on  the  web  temperatures  when  the  maximum  heated 
cover  temperature  was  above  700  to  900°  F.  For  beams  of  the  same  geom¬ 
etry  and  heating  boundary  condition  and  with  heated  cover  at  a  temperature 
of  about  1200°  F,  the  temperature  difference,  d,  between  points  A  and 
B,  is  from  18  percent  to  48  percent  greater  for  cases  having  zero  internal 
emissivity  than  for  the  corresponding  cases  having  black  body  interior 
surfaces.  Greatest  difference  is  for  a  thin-walled  beam  with  one  cover 
heated  at  about  30°  F/second;  least  difference  is  for  a  thin-walled  beam 
with  one  cover  heated  at  about  91°  F/second. 

A  change  in  exterior  surface  emissivity  had  less  effect  on  d  than 
a  change  in  interior  surface  emissivity.  Comparison  of  cases  7  and  8  with 
corresponding  cases  4  and  6  indicates  that,  for  the  particular  conditions 
specified  in  table  1,  increasing  the  interior  surface  emissivity  from  0 
to  1.0  causes  a  decrease  in  d  of  19  percent;  increasing  the  exterior 
surface  emissivity  from  0  to  1.0  causes  a  decrease  in  d  of  only  8  per¬ 
cent  . 
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7.2  Thermal  Stress  and  Deflection 

In  order  to  evaluate  the  effect  of  a  change  in  emissivity  on  the 
thermal  stress  distribution  and  deflection,  thermal  stress  distributions 
and  deflections  were  computed  for  the  13  cases  under  the  conditions  listed 
in  table  1.  Maximum  tensile  stress,  compressive  stress  and  deflection 
are  listed  in  columns  11,  12  and  13  respectively  in  the  table.  The  pos¬ 
sible  effects  of  yielding,  creep  and  buckling  were  neglected.  Values  of 
the  thermal  stress  and  deflection  are  therefore  valid  only  for  comparison 
purposes.  It  was  found  that  for  a  thick-walled,  slowly-heated  beam  with 
heated  cover  at  958°  F  (cases  1,  2,  3),  a  change  in  the  interior  wall 
emissivity  had  little  effect  on  the  magnitude  of  the  maximum  thermal 
stress.  An  increase  in  the  interior  wall  emissivity  from  0  to  1.0  however, 
resulted  in  a  decrease  of  34  percent  in  the  maximum  beam  deflection.  For 
the  beams  with  the  same  geometry  and  the  same  heating  conditions  and  in 
which  the  heated  cover  temperature  was  about  1200°  F,  a  change  of  the 
interior  wall  emissivity  from  0  to  1.0  reduced  the  absolute  maximum  stress 
from  9  percent  (cases  4  and  6)  to  16  percent  (cases  9  and  11,  12  and  13), 
and  deflection  from  16  percent  (cases  4  and  6)  to  52  percent  (cases  9 
and  11) .  In  the  latter  beam,  reduction  in  maximum  tensile  stress  was  36 
percent.  For  a  change  of  the  exterior  wall  emissivity  from  0  to  1.0 
(cases  7  and  8),  reduction  in  absolute  maximum  stress  was  8  percent,  and 
reduction  in  maximum  deflection  was  7  percent. 

Generally,  a  change  in  the  thermal  gradient  produced  by  a  change  in 
the  interior  beam  emissivity  from  0.35  to  1  is  about  75  percent  of  the 
thermal  gradient  due  to  a  change  in  the  interior  beam  emissivity  from  0 
to  1.  Corresponding  ratios  for  maximum  thermal  stress  and  deflection  are 
about  68  and  75  percent,  respectively. 


7.3  Comparison  of  Experimental  and  Theoretical  Results 

A  partial  check  of  the  temperature  distribution  and  deflection  was 
made  for  case  2.  Computed  and  observed  temperatures  for  two  points  on 
the  unheated  cover  after  148,  189  and  297  seconds  of  heating  are  shown 
in  fig.  7.  Agreement  is  fair.  Some  of  the  discrepancy  may  be  attributed 
to  gas  heat  conduction  within  the  beam.  For  the  conditions  listed  under 
case  2  in  table  1,  observed  beam  deflection  was  0.37  in.  and  beam  deflec¬ 
tion  computed  from  the  theoretical  temperature  distribution  was  0.38  in. 


8.  CONCLUSIONS 


A  change  in  the  interior  surface  emissivity  of  a  box  beam  heated 
along  one  cover  has  an  appreciable  effect  on  the  temperature  distribution. 
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and  consequently  on  the  maximum  thermal  stress  and  the  deflection.  For 
a  variety  of  beam  geometries  and  heating  conditions,  a  change  of  the 
interior  surface  emissivity  from  0.35  to  1  for  a  stainless  steel  beam 
reduces  considerably  the  temperature  gradient  in  the  temperature  range 
above  700°  -  900°  F  and  the  maximum  thermal  stress  and  the  deflections 
in  the  temperature  range  above  900°  -  1200°  F.  The  effect  is  particularly 
marked  for  a  thin-walled  slowly-heated  beam. 


For  the  Director, 


B.  L.  Wilson,  Chief, 
Engineering  Mechanics  Section 
Division  of  Mechanics. 


Washington,  D.  C. 


June  1958 
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Fig.  I  Test  beam  cross-section  (Cases  1,2,3) 


1200 

1000 

800 

600 

400 

200 

0 


ELAPSED  TIME,  SECONDS 


Fig.  2 


BEAM  TEMPERATURE  HISTORY 


1200 

1000 

800 

600 

400 

200 

0 


0.0367 


B 


V- 


--0155 


4.85 


CASE 

EMISSIVITY 

INTERIOR 

EXTERIOR 

4 

0 

0.35 

5 

0.35 

0.35 

6 

1 

0.35 

20  40  60 

ELAPSED  TIME,  SECONDS 

rig.  3  BEAM  TEMPERATURE  HISTORY  FOR 
HEATING  RATE  OF  32,400  B/HR  FT2 


TEMPERATURE 


20  40  60 

ELAPSED  TIME,  SECONDS 


Ely.  4 


BEAM  TEMPERATURE!  HISTORY  FOR 
HEATING  RATE  OF  32,400  B/HR  FT2 


TEMPERATURE 


ELAPSED  TIME,  SECONDS 

Fig.  5  BEAM  TEMPERATURE  HISTORY  FOR 
HEATING  RATE  OF  10,800  B/HR  FT2 


TEMPERATURE 


20  40  60 

ELAPSED  TIME,  SECONDS 


Fig.  6 


BEAM  TEMPERATURE  HISTORY  FOR 
HEATING  RATE  OF  32,400  B/HR  FT2 


1000 


oo  u?  si-  co 


\ 

(O 


N 

cr> 

Li. 


do  1  3  dniVH  3dlM31 


TEST  BEAM  TEMPERATURE  DISTRIBUTION 


CD 

_d> 

i,L 


do 


TEMPERATURE  DISTRIBUTION  IN  THIN-WALLED  BEAM 


DISTRIBUTION  LIST  FOR  UNCLASSIFIED 
TECHNICAL  REPORTS  ISSUED  UNDER 
Contract  NAonr  18-59, 

NR  064-400 


Chief  of  Naval  Research 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Code  438  (2) 

Commanding  Officer 
Office  of  Naval  Research 
Branch  Office 
John  Crerar  Library  Bldg. 

86  E  .  Randolph  Street 

Chicago  11,  Illinois  (1) 

Commanding  Officer 
Office  of  Naval  Research 
Branch  Office 
346  Broadway 

New  York  13,  New  York  (1) 

Commanding  Officer 
Office  of  Naval  Research 
Branch  Office 
1030  E.  Green  Street 

Pasadena,  California  (1) 

Commanding  Officer 
Office  of  Naval  Research 
Branch  Office 
1000  Geary  Street 

San  Francisco,  California  (1) 

Commanding  Officer 

Office  of  Naval  Research 

Navy  #100,  Fleet  Post  Office 

New  York,  New  York  (25) 


Director 

Naval  Research  Laboratory 
Washington  25,  D.  C. 

Attn:  Tech.  Info  Officer  (6) 

Code  6200  (1) 

Code  6205  (1) 

Code  6250  (1) 

Code  6260  (1) 

ASTIA  Document  Service  Center 
Arlington  Hall  Station 

Arlington  12,  Virginia  (5) 


Office  of  Technical  Services 
Department  of  Commerce 

Washington  25,  D.  C.  (1) 

Office  of  the  Secretary  of  Defense 
Research  and  Development  Division 

The  Pentagon 
Washington  25,  D.  C. 

Attn:  Technical  Library  (1) 

Chief 

Armed  Forces  Special  Weapons  Project 


The  Pentagon 
Washington  25,  D.  C. 

Attn:  Technical  Information  Div.  (2) 

Weapons  Effects  Division  (I) 

Special  Field  Projects  (1) 

Blast  and  Shock  Branches  (1) 


Office  of  the  Secretary  of  the  Army 
The  Pentagon 
Washington  25,  D.  C. 

Attn:  Army  Library  (1) 

Chief  of  Staff 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  Development  Branch  (R&D  Div.)  (1) 

Research  Branch  (R&D  Div.)  (1) 

Special  Weapons  Branch 
(R&D  Div.)  (1) 

Office  of  the  Chief  of  Engineers 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  ENG-HL  Lib.  Br , ,  Adm,  Ser.  Div.  (1) 


ENG-WE  Eng.  Div.,  Civil  Works  (1) 

ENG-EB  Prot .  Constr.  Br . ,  Eng. 

Div.,  Mil.  Constr,  (1) 

ENG-EA  Struc.  Br . ,  Eng.  Div., 

Mil.  Constr,  (1) 

ENG-NB  Special  Engr ,  Br . ,  Eng. 

R&D  Div.  (1) 


Commanding  Officer 
Engineer  Research  Development 
Laboratory 

Fort  Belvoir,  Virginia  (1) 


-2 


Commanding  Officer 

Diamond  Ordnance  Fuze  Laboratories 

Washington  25,  D.  C. 

Attn:  Technical  Reference  Section 

(ORDTL  06.33)  (1) 

Office  of  the  Chief  Signal  Officer 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  Engineering  &  Technical  Div .  (1) 

Commanding  Officer 

Watertown  Arsenal 

Watertown,  Massachusetts 

Attn:  Laboratory  Division  (1) 

Commanding  Officer 

Frankford  Arsenal 

Bridesburg  Station 

Philadelphia  37,  Pennsylvania 

Attn:  Laboratory  Division  (1) 

Office  of  Ordnance  Research 
2127  Myrtle  Drive 
Duke  Station 
Durham,  North  Carolina 

Attn:  Div.  of  Engineering  Sciences  (1) 

Commanding  Officer 
Squier  Signal  Laboratory 
Fort  Monmouth,  New  Jersey 
Attn:  Components  &  Materials 

Branch  (1) 

Chief  of  Naval  Operations 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Op  37  (1) 

Commandant,  Marine  Corps 
Headquarters,  U.  S.  Marine  Corps 
Washington  25,  D.  C.  (1) 

Chief,  Bureau  of  Ships 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Code  423  (2) 

Code  442  (2) 


Chief,  Bureau  of  Aeronautics 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  AD -2  (1) 

AD-22  (1) 

AD-23  (1) 

RS-7  (1) 

RS-8  (1) 

Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Ad3  (1) 

Re  (1) 

Res  (1) 

ReS5  (1) 

Ren  (1) 

Chief,  Bureau  of  Yards  and  Docks 

Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Code  D-202  (1) 

Code  D-202. 3  (1) 

Code  D-220  (1) 

Code  D-222  (1) 

Code  D-410C  .  (1) 

Code  D-440  (1) 

Code  D-500  (1) 

Commanding  Officer  and  Director 
David  Taylor  Model  Basin 
Washington  7,  D.  C. 

Attn:  Code  700  (1) 

Code  740  (1) 


Commander 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Maryland 

Attn:  Technical  Library  (2) 

Technical  Evaluation 
Department  (1) 

Director 

Materials  Laboratory 
New  York  Naval  Shipyard 

Brooklyn  1,  New  York  (1) 


-3- 


Coramanding  Officer  and  Director 

U.  S.  Naval  Electronics  Laboratory 

San  Diego  52,  California  (1) 

Of ficer- in-Charge 
Naval  Civil  Engineering  Research 
and  Evaluation  Laboratory 
U.  S.  Naval  Construction 
Battalion  Center 

Port  Hueneme ,  California  (2) 

Director 

Naval  Air  Experimental  Station 
Naval  Air  Material  Center 
Naval  Base 

Philadelphia  12,  Pennsylvania 
Attn:  Materials  Laboratory  (1) 

Structures  Laboratory  (1) 

Of ficer -in -Charge 
Underwater  Explosion  Research 
Division 

Norfolk  Naval  Shipyard 
Portsmouth,  Virginia 

Attn:  Dr.  A.  H.  Keil  (2) 

Commander 

U.  S.  Naval  Proving  Grounds 

Dahlgren,  Virginia  (1) 

Superintendent 
Naval  Gun  Factory 

Washington  25,  D.  C.  (1) 

Commander 

Naval  Ordnance  Test  Station 
China  Lake,  California 

Attn:  Physics  Division  (1) 

Mechanics  Branch  (1) 

Of ficer -in-Charge 
Naval  Ordnance  Test  Station 
Underwater  Ordnance  Division 
3202  E.  Foothill  Blvd. 

Pasadena  8,  California 

Attn:  Structures  Division  (1) 


Commanding  Officer  and  Director 
Naval  Engineering  Experiment 
Station 

Annapolis,  Maryland.  (1) 

Superintendent 

Naval  Postgraduate  School 

Monterey,  California  (1) 

Commandant 

Marine  Corps  Schools 

Quantico,  Virginia 

Attn:  Director,  Marine  Corps 

Development  Center  (1) 

Commanding  General 
U .  S .  Air  Force 
Washington  25,  D.  C. 

Attn:  Research  and  Development 

Division  (1) 

Commander 

Air  Material  Command 
Wright-Patterson  Air  Force  Base 
Dayton,  Ohio 

Attn:  MCREX-B  (1) 

Structures  Division  (1) 

Commander 

U.  S.  Air  Force  Institute  of 
Technology 

Wright-Patterson  Air  Force  Base 
Dayton,  Ohio 

Attn:  Chief,  Applied  Mechanics 

Group  (1) 

Director  of  Intelligence 
Headquarters,  U.  S.  Air  Force 
Washington  25,  D.  C. 

Attn:  P.  V.  Branch  (Air  Targets 

Div.)  (1) 

Commander 

Air  Force  Office  of  Scientific 
Research 

Air  Re  search  and  Development  Command 
Washington  25,  D.  C. 

Attn:  Mechanics  Division 


(1) 


-4- 


Uo  So  Atomic  Energy  Commission 
Washington  25,  D.  C. 

Attn:  Director  of  Research 

(2) 

National  Sciences  Foundation 

1951  Constitution  Avenue 

Washington  25,  D.  C. 

Director 

National  Bureau  of  Standards 
Washington  25,  D.  C. 

Attn:  Division  of  Mechanics 

(1) 

Attn:  Engineering  Sciences  Division 

National  Academy  of  Sciences 

2101  Constitution  Avenue 

Washington  25,  D.  C. 

(1) 

Engineering  Mechanics 

Section 

(1) 

Attn:  Technical  Director, 

Committee  on  Ships 

Commandant 

U o  So  Coast  Guard 

1300  Eo  Street,  N.  W. 

Structural  Design 

Executive  Secretary, 

Committee  on  Undersea 

Warfare 

(1) 

(1) 

Washington  25,  D.  C, 

Attn:  Chief,  Testing  and 

Development  Division 

(1) 

Professor  Lynn  S.  Beedle 

Fritz  Engineering  Laboratory 

Uo  So  Maritime  Administration 

Lehigh  University 

Bethlehem,  Pennsylvania 

(1) 

General  Administration  Office 
Building 

Washington  25,  D.  C. 

Attn:  Chief,  Division  of 
Preliminary  Design 

(1) 

Professor  R.  L.  Bisplinghoff 
Department  of  Aeronautical 

Engineering 

Massachusetts  Institute  of 

National  Aeronautics  and.  Space 

Technology 

Cambridge  39,  Massachusetts 

(1) 

Agency 

1512  H  Street,  N.  W. 

Washington  25,  D.  C„ 

Attn:  Loads  and  Structures  Div . 

(2) 

Professor  H.  H.  Bleich 

Department  of  Civil  Engineering 
Columbia  University 

Director 

Langley  Research  Center 

Langley  Field,  Hampton,  Virginia 
Attn:  Structures  Division 

(2) 

New  York  27,  New  York 

Professor  B.  A.  Boley 

Department  of  Civil  Engineering 
Columbia  University 

(1) 

Director 

Forest  Products  Laboratory 

Madison,  Wisconsin 

(1) 

New  York  27,  New  York 

Professor  G.  F.  Carrier 

Pierce  Hall 

(1) 

Civil  Aeronautics  Administration 

Harvard  University 

Cambridge  38,  Massachusetts 

(1) 

Department  of  Commerce 

Washington  25 ,  Do  C . 

Attn:  Chief,  Aircraft  Engineering 
Division 

(1) 

Professor  Herbert  Deresiewicz 
Department  of  Civil  Engineering 
Columbia  University 

Chief,  Airframe  and 

Equipment  Branch 

(1) 

632  W.  125th  Street 

New  York  27,  New  York 

(1) 

Professor  D.  C.  Drucker,  Chairman 
Division  of  Engineering 

Brown  University 

Providence  12,  Rhode  Island 

(1) 

Professor  H.  L.  Langhaar 

Department  of  Theoretical  and 
Applied  Mechanics 

University  of  Illinois 

Professor  A.  C.  Eringen 

Department  of  Aeronautical 

Engineering 

Purdue  University 

Lafayette ,  Indiana 

(1) 

Urbana,  Illinois 

Professor  E.  H.  Lee 

Division  of  Applied  Mathematics 
Brown  University 

Providence  12,  Rhode  Island 

Professor  W.  Flugge 

Department  of  Mechanical  Engineering 
Stanford  University 

Stanford,  California 

(1) 

Mr.  M.  M.  Lemcoe 

Southwest  Research  Institute 

8500  Culebra  Road 

San  Antonio  6,  Texas 

Professor  J.  N.  Goodier 

Department  of  Mechanical  Engineering 
Stanford  University 

Stanford,  California 

(1) 

Professor  Paul  Lieber 

Geology  Department 

University  of  California 

Berkeley,  California 

Professor  L.  E.  Goodman 

Engineering  Experiment  Station 
University  of  Minnesota 

Minneapolis ,  Minnesota 

(1) 

Professor  R.  D.  Mindlin 

Department  of  Civil  Engineering 
Columbia  University 

632  W.  125th  Street 

Professor  P.  G.  Hodge 

Department  of  Mechanics 

Illinois  Institute  of  Technology 
Chicago  16,  Illinois 

(1) 

New  York  27,  New  York 

Professor  Paul  M.  Naghdi 

Department  of  Engineering  Mechanics 
University  of  California 

Professor  N.  J.  Hoff,  Head 

Division  of  Aeronautical  Engineering 
Stanford  University 

Stanford,  California 

(1) 

Berkeley  4,  California 

Professor  William  A.  Nash 

Department  of  Engineering  Mechanics 
University  of  Florida 

Professor  W.  H.  Hoppmann,  II 
Department  of  Mechanics 

Rensselaer  Polytechnic  Institute 

Troy,  New  York 

(1) 

Gainesville,  Florida 

Professor  N.  M.  Newmark,  Head 
Department  of  Civil  Engineering 
University  of  Illinois 

Professor  J.  Kempner 

Department  of  Aeronautical 

Engineering  and  Applied  Mechanics 
Polytechnic  Institute  of  Brooklyn 

333  Jay  Street 

Brooklyn  1 ,  New  York 

(1) 

Urbana,  Illinois 

Professor  Aris  Phillips 
Department  of  Civil  Engineering 
15  Prospect  Street 
Yale  University 

New  Haven,  Connecticut  (1) 

Professor  W.  Prager 

Division  of  Applied  Mathematics 

Brown  University 

Providence  12,  Rhode  Island  (1) 

Professor  E.  Reissner 
Department  of  Mathematics 
Massachusetts  Institute  of 
Technology 

Cambridge  39,  Massachusetts  (1) 

Professor  J.  Stallmeyer 
Department  of  Civil  Engineering 
University  of  Illinois 

Urbana,  Illinois  (1) 

Professor  Eli  Sternberg 
Division  of  Applied  Mathematics 
Brown  University 

Providence,  Rhode  Island  (1) 

Professor  A.  S.  Velestos 
Department  of  Civil  Engineering 


University  of  Illinois 

Urbana,  Illinois  (1) 

Professor  Dana  Young 
Yale  University 

New  Haven,  Connecticut  (1) 

Project  Staff  (10) 

For  your  future  distribution  (10) 

Dr  .  J .  F,  Brahtz 
Director  of  Engineering 


J.  H.  Pomeroy  &  Company,  Inc, 

3625  W.  Sixth  Street 

Los  Angeles  5,  California  (1) 

Mr.  Martin  Golamd,  President 
Southwest  Research  Institute 
8500  Culebra  Road 
San  Antonio  6,  Texas 


Professor  M.  A.  Biot 
Columbia  University 
New  York  27,  New  York 

Professor  E.  Reiss 

Institute  of  Mathematical  Sciences 

New  York  University 

25  Waverly  Place 

New  York  3,  New  York 

Dr .  G .  Horvay 

Knolls  Atomic  Power  Laboratory 
Schenectady,  New  York 

Professor  E.  E.  Sechler 
California  Institute  of  Technology 
Pasadena,  California 

Professor  E.  Orowan 

Department  of  Mechanical  Engineering 
Massachusetts  Institute  of 
Technology 

Cambridge  39,  Massachusetts 

Dr  .  Bernard  Budiansky 

Department  of  Mechanical  Engineering 

School  of  Applied  Sciences 

Harvard  University 

Cambridge  38,  Massachusetts 

Mr.  S.  Levy,  Manager 
General  Electric  Special  Projects 
Department 

3198  Chestnut  Street 
Philadelphia  4,  Pennsylvania 

Dr.  B.  W.  Shaffer 

Department  of  Mechanical  Engineering 
New  York  University 
University  Heights 
New  York  53,  New  York 

Professor  M.  G.  Salvadori 
Department  of  Civil  Engineering  and 
Engineering  Mechanics 
New  York  University 
New  York  53,  New  York 


(D 


7 


Professor  W.  Goldsmith 
Department  of  Mechanical  Engineering 
University  of  California 
Berkeley  4,  California 


Dr .  E .  Wenk 

Southwest  Research  Institute 
8500  Culebra  Road 
San  Antonio  6,  Texas 


Professor  J.  R.  M.  Radok 
Department  of  Aeronautical 
Engineering  and  Applied  Mechanics 
Polytechnic  Institute  of  Brooklyn 
333  Jay  Street 

Brooklyn  1,  New  York  (1) 


(1) 


(1) 


■  j  ^ 


i  r-y.: 

-:  i  y  ..;?>>  ••'•  • 

v. 


U.  S.  DEPARTMENT  OF  COMMERCE 

Sinclair  Works.  Secretary 


NATIONAL  BUREAU  OF  STANDARDS 
A.  V.  Astin,  Director 

THE  NATIONAL  BUREAU  OF  STANDARDS 

The  scope  of  activities  of  the  National  Bureau  of  Standards  at  its  headquarters  in  Washington, 
D.  C.,  and  its  major  laboratories  in  Boulder,  Colo.,  is  suggested  in  the  following  listing  of  the 
divisions  and  sections  engaged  in  technical  work.  In  general,  each  section  carries  out  specialized 
research,  development,  and  engineering  in  the  field  indicated  by  its  title.  A  brief  description  of 
the  activities,  and  of  the  resultant  publications,  appears  on  the  inside  front  cover. 

WASHINGTON,  D.  C. 

Electricity  and  Electronics.  Resistance  and  Reactance.  Electron  Devices.  Electrical  Instru¬ 
ments.  Magnetic  Measurements.  Dielectrics.  Engineering  Electronics.  Electronic  Instrumen¬ 
tation.  Electrochemistry. 

Optics  pnd  Metrology,  Photometry  and  Colorimetry.  Optical  Instruments.  Photographic 
Technology.  Length.  Engineering  Metrology. 

Heat.  Temperature  Physics.  Thermodynamics.  Cryogenic  Physics.  Rheology.  Engine 
Fuels.  Free  Radicals  Research. 

Atomic  and  Radiation  Physic?.  Spectroscopy.  Radiometry.  Mass  Spectrometry.  Solid  State 
Physics.  Electron  Physics.  Atomic  Physics.  Neutron  Physics.  Nuclear  Physics.  Radioactiv¬ 
ity.  X-rays.  Betatron.  Nucleonic  Instrumentation.  Radiological  Equipment. 

Chemistry.  Organic  Coalings.  Surface  Chemistry.  Organic  Chemistry.  Analytical  Chemis¬ 
try.  Inorganic  Chemistry.  Electrodeposition.  Molecular  Structure  and  Properties  of  Gases. 
Physical  Chemistry.  Thermochemistry.  Spectrochemistry.  Pure  Substances. 

Mechanics.  Sound.  Mechanical  Instruments.  Fluid  Mechanics.  Engineering  Mechanics. 
Mass  and  Scale.  Capacity,  Density,  and  Fluid  Meters.  Combustion  Controls. 

Organie  and  Fibrous  Materials.  Rubber.  Textiles.  Paper.  Leather.  Testing  and  Specifica¬ 
tions.  Polymer  Structure.  Plastics.  Dental  Research. 

Metallurgy.  Thermal  Metallurgy.  Chemical  Metallurgy.  Mechanical  Metallurgy.  Corrosion. 
Metal  Physics. 

Mineral  Products.  Engineering  Ceramics.  Glass.  Refractories.  Enameled  Metals.  Concret¬ 
ing  Materials.  Constitution  and  Microstruclure. 

Building  Technology.  Structural  Engineering.  Eire  Protection.  Air  Conditioning,  Heating, 
and  Refrigeration.  Floor,  Roof,  and  Wall  Coverings.  Codes  and  Safety  Standards.  Heat 
Transfer, 

Applied  Mathematics.  Numerical  Analysis.  Computation.  Statistical  Engineering.  Mathe¬ 
matical  Physics. 

Data  Processing  System?.  SEAC  Engineering  Group.  Components  and  Techniques,  Digital 
Circuitry.  Digital  Systems.  Analog  Systems.  Application  Engineering, 

•  Office  of  Basic  instrumentation.  •  Office  of  Weights  and  Measures. 

BOULDER,  COLORADO 

Cryogenic  Engineering.  Cryogeuie  Equipment.  Cryogenic  Processes.  Properties  of  Materials. 
Gas  Liquefaction. 

Radio  Propagation  Physics.  Upper  Atmosphere  Research.  Ionospheric  Research.  Regular 
Propagation  Services.  Sun-Earth  Relationships.  VHF  Research. 

Radio  Propagation  Engineering.  Data  Reduction  Instrumentation.  Modulation  Systems. 
Navigation  Systems.  Radio  Noise.  Tropospheric  Measurements.  Tropospheric  Analysis. 
Radio  Systems  Application  Engineering.  Radio  Meteorology. 

Radio  Standards.  High  Frequency  Electrical  Standards.  Radio  Broadcast  Service.  High 
Frequency  Impedance  Standards.  Calibration  Center.  Microwave  Physics.  Microwave  Circuit 
Simulants. 


